the aluminium foil that separated the aerogel cells 6 . These limitations in data collection and analysis left the cometary dust particles' pristine structure undetermined.
A unique opportunity to study pristine dust particles arose when the Rosetta spacecraft came within tens of kilometres of comet 67P/Churyumov-Gerasimenko and obtained samples of cometary dust from this distance. These dust particles were first analysed using an instrument called the Cometary Secondary Ion Mass Analyser (COSIMA), which collected and imaged aggregate particles hundreds of micrometres in diameter (Fig. 1a) . The images from COSIMA revealed that the particles were aggregates of grains with diameters larger than a few micrometres 7 , contradicting the earlier studies of IDPs and Stardust samples that indicated sub-micrometre grains.
Bentley and colleagues resolve this contradiction using data from Rosetta's MicroImaging Dust Analysis System (MIDAS). MIDAS is an atomic force microscope -it scans the collected dust particles using a sharp, needle-like tip, which provides a 3D image of the particles with a maximum resolution of about 4 nm (Fig. 1b) . The images from MIDAS show that the grains seen by COSIMA are built from even smaller, sub-micrometre grains. The authors' discovery not only proves that the basic building blocks of cometary dust particles are sub-micrometre grains, but also reveals the hierarchical nature of dust particles.
This hierarchical structure, although not detected by remote-sensing studies or analyses of the Stardust samples, had been hypothesized by some researchers. For example, models of the upper layers of cometary surfaces provided the most realistic results when these layers were assumed to consist of hierarchically structured dust particles 8 . Another analysis 9 found that hierarchical growth is necessary to reproduce the dust-size distribution that provides the best fit to characteristics of observed protoplanetary nebulae. In addition to showing that cometary dust particles have a hierarchical structure, Bentley et al. find that the basic building blocks of the particles are roughly spheroidal -the shape of a deformed (elongated or flattened) sphere. By approximating the grains as spheroids, the authors find that their large axis is, on average, 2.87 times longer than the small axis. These findings are strikingly similar to a model proposed by astrophysicist Mayo Greenberg 10 in the 1980s. In Greenberg's model, cometary dust particles are aggregates of interstellar dust particles, which are described as spheroids with an axis ratio of 3 to 1.
The authors' results enhance our fundamental understanding of cometary dust, and the processes that ultimately gave rise to planetary systems such as the Solar System. Their discovery of a hierarchical structure in cometary dust particles and their description of the basic building blocks of such particles might lead physicists to reconsider the interpretation of data obtained from ground-based observations of comets and re-evaluate the processes in protoplanetary nebulae -and will probably give rise to new models of how planets were formed. ■
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Moulding the ribosome
Production of the cell's translational apparatus, the ribosome, requires the orchestrated function of hundreds of proteins. A structure of its earliest precursor yields unprecedented insight into ribosome formation.
M A R L E N E O E F F I N G E R
I n every living cell, a large macromolecular complex called the ribosome is responsible for translating messenger RNA into amino-acid chains in the cytoplasm. A mature ribosome contains about 80 ribosomal proteins (r-proteins) and four ribosomal RNAs (rRNAs). Yet the construction of a ribosome is mediated by many more proteins and RNA molecules within large dynamic pre-ribosomal complexes. Writing in Cell, Kornprobst et al. 1 report that they have exploited advances in cryo-electron microscopy 2 to resolve the structure of the earliest pre-ribosome, the 90S, to a near-atomic resolution of between 4 and 7 ångströms. The structure reveals, for the first time and in stunning detail, the arrangement of and interactions between many proteins that have been implicated in ribosome assembly, shedding light on a crucial step in early ribosome formation. In 1967, it was discovered 3 that, in eukaryotic organisms (those whose cells carry a nucleus), a long RNA transcript called the pre-rRNA undergoes processing in a nuclear compartment, the nucleolus, to produce three of the four rRNAs found in the mature ribosome. An analysis 4 later that year of ribosomes isolated from human nuclei, and a comparison 5 of cytoplasmic and nuclear ribosomes in 1972, revealed that nuclear ribosomes contain many more proteins than do their cytoplasmic counterparts. These extra proteins were hypothesized to help process the pre-rRNA.
Since then, the steps of pre-rRNA processing have been established and most of the extra proteins (now called ribosome biogenesis factors) have been identified, thanks to advances in biochemistry and mass spectrometry. During its transcription, the long pre-rRNA is assembled with r-proteins, ribosome biogenesis factors and small nucleolar RNAs to form a large 90S pre-ribosome. Following the first stage of pre-rRNA processing, the complex splits into two pre-ribosomes, dubbed pre-40S and pre-60S, which are eventually exported to the cytoplasm where they undergo further maturation steps and then join as 40S and 60S subunits to form the mature ribosome.
Along with the identities of the biogenesis factors came the realization that they numbered a vast 200 to 300 in eukaryotes 6, 7 . In the yeast Saccharomyces cerevisiae, the 90S preribosome alone contains about 70 ribosome biogenesis factors -almost as many as the number of proteins in a mature ribosome 6 . Hence, a recurring question in the field is: why does ribosome production require so many accessory proteins?
By resolving the structure of the 90S preribosome in the yeast Chaetomium thermophilum, Kornprobst et al. provide an answer to this question. The authors identified features in their structure by fitting data from previous biochemical and genetic studies (including X-ray structures of several proteins, predicted protein-domain structures and known protein-protein and protein-pre-rRNA interactions) to determine where different proteins and RNAs are located in the 90S complex. The requirement for so many extra proteins is explained by the authors' observation that many accessory proteins are arranged around the folded pre-rRNA molecule in previously defined 8 multi-protein complexes called UTP-A, UTP-B and UTP-C. Of these, UTP-A and UTP-B form a scaffold, within which the newly transcribed pre-rRNA is encased and so can be securely processed, modified and assembled with r-proteins (Fig. 1) .
The role of this scaffold is reminiscent of the way in which chaperone proteins aid folding of other proteins -a common process that prevents aggregation of proteins into non-functional structures. But although chaperone-mediated protein folding has been long established 9 , the idea of chaperone moulds is new to RNA biology.
The 90S chaperone mould also includes the small nucleolar ribonucleoprotein complex U3 -an RNA-protein complex that has known roles in pre-rRNA processing and folding 10, 11 . Kornprobst et al. showed that one half of U3 spans the outer body of the 90S complex in a scaffold-like arrangement, whereas the other half is buried deep within the 90S, presumably interacting with the pre-rRNA. This part of U3 is associated with a region at the end of the pre-rRNA called the 5ʹ external transcribed spacer (5ʹ-ETS), and the authors demonstrated that cleavage of this spacer from the pre-rRNA is crucial for the separation of the processed 90S pre-rRNAs into pre-40S and pre-60S complexes, and the progression of ribosome production.
Kornprobst and colleagues also identified the position of the pre-18S rRNA (which will become the rRNA component of the 40S sub unit) in their structure. When comparing the pre-18S structure with that of the mature 18S rRNA, the authors observed that the molecule underwent progressive folding, beginning in the domains closest to the site where transcription began. In the 90S, these regions were folded to resemble the mature 18S, whereas domains farther from the transcriptional start site were seemingly still in transitory states. This observation fits well with a previous model 6 of hierarchical rRNA assembly. Kornprobst and colleagues have visualized in detail what, until now, has been seen through electron microscopy only as small black balls on strings of pre-rRNA. Holding a magnifying glass to the early steps of ribosome biogenesis, the authors have finally revealed a role for the multitude of ribosome biogenesis factors as a chaperone mould that provides a secure environment for the processing and folding of pre-rRNA.
The 90S pre-ribosome contains the entire rRNA precursor, which includes several transcribed spacer sequences that will be cleaved away, and sequences that will give rise to the rRNAs of the 60S ribosomal subunit. However, Kornprobst et al. focused on only the rRNA region and the proteins that give rise to the 40S subunit. As such, many questions about 60S formation remain unanswered -for instance, whether a separate chaperone-like mould encases these other regions of the pre-rRNA.
There are several structures visible in 90S that have not yet been identified. In years to come, it will be interesting to index these features and further unravel the role of the UTP-C complex and other proteins in 90S pre-rRNA maturation. Using the technical advances highlighted in the current study, we can hope to shed more light on the dynamic and multi-tiered process that is ribosome formation. ■ 1 resolved the structure of the 90S in near-atomic resolution. a, A pre-rRNA is generated. b, The authors show that the pre-rRNA is threaded into a mould formed by the protein complexes UTP-A and UTP-B, and the RNA-protein complex U3. Encased within this mould, the pre-rRNA is safely folded and processed, with a sequence called the 5ʹ external transcribed spacer (5ʹ-ETS) being cleaved away (hidden from view). c, After processing, pre-40S and pre-60S complexes, which will go on to form the ribosome, separate from the mould components of the 90S. d, The UTP and U3 complexes are presumably recycled for use with the next pre-RNA, whereas the excised 5ʹ-ETS is degraded.
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